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Abstract
A coupled-channel (CC) approach has been developed to investigate kaon photopro-
duction on the nucleon. In addition to direct K+Λ production, our CC approach
accounts for strangeness production including K+Λ final state interactions with
both pi0p and pi+n intermediate states. Calculations for the γp → K+Λ reaction
have been performed, and compared with the recent data from SAPHIR, with em-
phasis on the CC effects. We show that the CC effects are significant at the level of
inducing 20% changes on total cross sections; thereby, demonstrating the need to
include piN channels to correctly describe the γp→ K+Λ reaction.
Key words: Kaon photoproduction, Coupled channel, Final-state interaction,
Meson-baryon interaction
PACS: 13.60.Le, 25.20.Lj, 11.80.Gw, 13.75.Jz
1 Introduction
A major issue in strong interaction physics is to understand baryon spec-
troscopy. Meson-baryon scattering has been the predominant reaction used to
study the properties of nucleon resonances (N∗). An appealing alternative is
to use electromagnetic probes, e.g., γN → N∗ → piN . In this photon-induced
process, the relative weakness of the electromagnetic interaction allows one
to use first-order descriptions of the incident channel, thus making possible
more reliable extraction of N∗ information from data. With the recent devel-
opment of new facilities such as Jefferson Lab, ELSA, GRAAL, MAMI, and
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SPring-8, it is now possible to obtain accurate data for meson electromagnetic
production, including spin-dependent observables.
Among meson photoproduction processes, pion photoproduction is by far
the most studied theoretically and experimentally. However, increased effort
has also been devoted in recent years to investigate kaon photoproduction.
Such studies are motivated by several considerations: (1) the production of
strangeness associated with kaons (K) and hyperons (Y ) allows one to study
the role played by s quarks versus u and d quarks; (2) higher mass resonances
can be better studied by investigating the N∗ → KΛ and N∗ → KΣ decays;
(3) the so-called “missing resonances” [1,2] predicted by quark models, but
not observed in piN scattering, might be found in kaon photoproduction since
they may couple strongly to KΛ and KΣ channels.
At photon laboratory energies from the kaon photoproduction threshold of√
s = 1.61 GeV to about 2.5 GeV, the isobar model is most widely used for
extracting N∗ parameters from the kaon photoproduction data [3–8]. This
model is based on an effective Lagrangian approach in which a number of
tree diagrams are evaluated with coupling constants partly fixed from in-
dependent hadronic and electromagnetic data. Although the isobar models
describe the existing kaon photoproduction data fairly well, multi-step or
coupled-channel (CC) effects due to intermediate piN states are ignored. The
sequence γN → piN → KY in kaon photoproduction can be substantial,
since γN → piN amplitudes are much greater than the direct γN → KY
amplitudes. If this is indeed the case, the N∗ parameters obtained from one-
step isobar models can not be directly compared with the predictions from
existing hadron models. The importance of the final-state interaction(FSI) in
interpreting the ∆ resonant parameters extracted from γN → piN data has
been demonstrated in Ref. [9]. In this work, we investigate the same problem
concerning the role of CC final state interactions in kaon photoproduction.
Among existing studies of kaon photoproduction, coupled-channel effects have
been investigated using two approaches. Kaiser et al. [10] applied a coupled-
channel approach with chiral SU(3) dynamics to investigate pion- and photon-
induced meson production near the KY threshold. Although their recent re-
sults [11] include p-wave multipoles, and thus reproduce data slightly above
the threshold region, their chiral SU(3) dynamics model can not provide the
higher partial waves that are important in describing the data at higher ener-
gies. A similar approach has also been taken in Ref. [12].
The second CC approach was developed by Feuster and Mosel [13]. They used
a K-matrix method to investigate photon- and meson-induced reactions, in-
cluding γp → K+Λ. In the K-matrix approach, all intermediate states are
put on-shell and hence the important off-shell dynamical effects can not be
accounted for explicitly. The advantage of their approach is its numerical sim-
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plicity in handling a large number of coupled channels. However, the extracted
N∗ parameters may suffer from the difficulties in interpreting them in terms
of extant hadron models, such as the constituent quark model.
In this paper, we present a dynamical CC model in which the meson-baryon
off-shell interactions are defined in terms of effective Lagrangians. This is
achieved by a direct extension of the existing dynamical models [9,14–16] for
pion photoproduction to include KY channels. We follow the approach devel-
oped by Sato and Lee [9]. In this first attempt, we do however need to make
several simplifications since it is a rather complex task to deal simultaneously
with the meson-baryon and photon-baryon intertwined CC problems. First, we
adopt an existing isobar model developed earlier by Williams, Ji and Cotanch
(WJC) [5] as initial input for the direct γp → K+Λ process. This fixes the
number of N∗ to be considered and the leading tree-diagrams associated with
strange particles. Second, we use the γN → piN and piN → piN partial-wave
amplitudes from the VPI partial-wave analysis [17,18] to define the amplitudes
associated with the piN channel. This drastically reduces the amount of data
we have to confront in the coupled-channel approach. However, the strong in-
teraction matrix elements of KY → KY and piN → KY transition operators
are derived rigorously from effective Lagrangians using the unitary transfor-
mation method of Ref. [9]. This derivation marks our major differences with
Kaiser et al. [10] since we include all relevant higher partial waves and our ap-
proach is applicable at all energies. We solve the resulting CC equations with
numerical precision to account for the meson-baryon off-shell interactions. The
dynamical content of our approach is clearly very different from the K-matrix
model of Feuster and Mosel [13].
Our CC approach is defined by the starting Lagrangian and by the several
approximations such as the Sato-Lee unitary transformation and a three-
dimensional reduction of the Bethe-Salpeter equation. Such approximations
have been pursued successfully by numerous authors in order to solve difficult
strong interaction problems starting from relativistic field theory. Lagrangian-
based dynamics differs considerably from models motivated by the S- or K-
matrix approach based on tree-diagrams, in which the dynamics is partly de-
fined by postulating crossing symmetry [19]. While S-matrix plus tree-diagram
approaches can be a very useful working tool, no solid proof exists that crossing
symmetry can be derived “exactly” from relativistic quantum field theory. The
best effort is a perturbative derivation in a simple model, such as presented
in Bjorken and Drell. Thus, our approach is not expected to respect cross-
ing symmetry, although the driving terms of the employed coupled-channel
scattering equations can be made to have crossing symmetry. Compared with
the previous models based on tree-diagrams supplemented by crossing sym-
metry [5,7,26], the coupled-channel approach can satisfy “dynamically” the
multi-channel unitarity condition. The CC approach offers the advantage of
including strong dynamics for both kaon photoproduction and kaon radiative
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decays, while also incorporating cusp structure due to channel coupling, which
is not described by tree-diagram based theories. Therefore, there are advan-
tages to the CC approach that we believe out-weigh the desire for a crossing
symmetric theory.
2 Coupled-channel approach
A coupled-channel framework for studying kaon photoproduction can be ob-
tained straightforwardly by generalizing the dynamical approach developed
by Sato and Lee [9] in their investigation of piN scattering and pion photo-
production. By adding the KY channel and appropriate N∗ states to their
formalism, one can show that the collision matrix, AKY,γN , of the γN → KY
reaction can be written in operator form as
AKY,γN = RKY,γN + aKY,γN . (1)
Here RKY,γN denotes the resonant part (to be specified later), and the non-
resonant part aKY,γN is defined by
aKY,γN = bKY,γN
+
∑
K ′Y ′
tKY,K ′Y ′ G
(+)
K ′Y ′ bK ′Y ′,γN +
∑
piN
tKY, piN G
(+)
piN bpiN,γN , (2)
where G(+)α is the meson-baryon propagator for channel α. Here bKY,γN and
bpiN,γN are the nonresonant photoproduction operators forKY and piN respec-
tively. The scattering operators tKY,K ′Y ′ and tKY,piN describe the nonresonant
parts of the final KY → K ′Y ′ and piN → KY transitions, respectively. Ob-
viously, the third term of Eq. (2) contains the coupled-channel effects due to
the intermediate piN channel.
To see the dynamical feature of our CC approach, we now combine the reso-
nant term RKY,γN with the nonresonant operator bKY,γN and define BKY,γN ≡
RKY,γN + bKY,γN . Eqs. (1)-(2) then become
AKY,γN =BKY,γN
+
∑
K ′Y ′
tKY,K ′Y ′ G
(+)
K ′Y ′ bK ′Y ′,γN +
∑
piN
tKY, piN G
(+)
piN bpiN,γN . (3)
The nonresonant meson-baryon transition operators tKY,KY and tKY, piN are
defined by the following CC equations:
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tKYf , KYi = vKYf , KYi
+
∑
KY
vKYf , KY G
(+)
KY tKY,KYi +
∑
piN
vKYf , piN G
(+)
piN tpiN,KYi , (4)
tKYf , piNi = vKYf , piNi
+
∑
KY
vKYf ,KY G
(+)
KY tKY, piNi +
∑
piN
vKYf , piN G
(+)
piN tpiN, piNi . (5)
The above equations define the off-shell scattering amplitudes. Clearly, the
amplitudes tKY,K ′Y ′ and tKY,piN , which are needed to evaluate the second and
third terms of Eq. (3), can be obtained from solving Eqs. (4)-(5) if the po-
tentials vKY,K ′Y ′ and vKY,piN and the nonresonant piN amplitude tpiN,piN can
be calculated from a model. We now note that if the last two terms in the
right-hand-side of Eq. (3) are neglected, our CC model reduces to those previ-
ously developed isobar models for which AKY,γN = BKY,γN . In that limit, the
resonances are then included in the R term.
The nonresonant meson-baryon t-matrix defined by Eqs. (4)-(5) is only part
of the full meson-baryon scattering T -matrix. The N∗ excitations must be
included. By extending the piN scattering formulation of Ref. [9] to include
theKY channel, one can show that the full meson-baryon scattering amplitude
can be written as
Tα,β(E) = tα,β(E) + t
R
α,β(E) , (6)
where α, β = piN,KY . The nonresonant amplitudes tα,β are identical to those
in Eqs. (4)-(5). The resonant term at resonant energy EN∗ can be written in
the familiar Breit-Wigner form (after performing a proper diagonalization in
the N∗ channel space)
tRα,β(E) =
∑
N∗
Γ¯∗N∗,α Γ¯N∗,β
E − EN∗ + i2Γ
(tot)
N∗
, (7)
with the total width
Γ
(tot)
N∗ =
∑
α
|Γ¯N∗,α|2. (8)
In the above equations, Γ¯N∗,α describes the decay of an N
∗ resonance into a
meson-baryon channel α. Eqs. (6)-(8) will be the starting point for developing
a strategy for using the empirical piN scattering amplitudes to solve Eqs. (4)-
(5).
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tpiN→KY
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 VPI
 WJC model
KY FSI
piN FSI
BγN→KY
subtract resonant terms
direct
readjust
parameters
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γN→KY
data
BγN→piN
subtract resonant terms
Fig. 1. Flow chart of our CC approach for kaon photoproduction. See the text for a
description.
TpiN→piN
vpiN→KY
 VPI
Sato-Lee
method
vKY→KY
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cutoff Λc in
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tKY→KY
tRKY→KY
TKY→KY
tRpiN→KY
tpiN→KY
TpiN→KY
fit piN→KY data
couplings from
quark model &
SU(3) symmetry
Fig. 2. Flow chart for the construction of the CC/FSI meson-baryon t-matrices. See
the text for a description.
3 Simplifications
One way to approach the coupled-channel equations presented in the previous
section is to use effective Lagrangians to construct the photoproduction op-
erators bKY,γN and bpiN,γN , and meson-baryon potentials vα,β . Then one could
attempt to solve the full T -matrix equations consistently as done in Ref. [9]
for pion photoproduction. This program is too difficult and we therefore make
some simplifications in order to first gauge the role of the piN channels in kaon
photoproduction. The procedures used in this paper are outlined in Figures 1
and 2.
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As indicated in Figure 1, we take the isobar model developed by Williams,
Ji and Cotanch (WJC) [5] to describe the direct kaon photoproduction. The
WJC model contains both the resonant and nonresonant amplitudes, but does
not include the meson-baryon final state interactions. Thus, we can identify
the amplitude generated from this isobar model as BKY,γN in Eq. (3). The
nonresonant term bKY,γN needed for evaluating Eq. (2) can then be obtained
from
bKY,γN = [BKY,γN ]WJC − [RKY,γN ]WJC (9)
where the resonant part [RKY,γN ]WJC is also from the WJC model. The “sub-
tract resonance term” procedure Eq. (9) is indicated in the lower left part of
Fig. 1.
Turning to the upper part of Figure 1, we do not compute the amplitude of
the γN → piN process—that is a complicated CC problem by itself. Instead,
we start with the VPI partial-wave amplitudes for pion photoproduction [18].
We then define the nonresonant part of pion photoproduction amplitude by
subtraction
bpiN,γN = [BpiN,γN ]V PI − RpiN,γN , (10)
where the resonant amplitude is calculated from
RpiN,γN(E) =
∑
N∗
Γ¯∗N∗,piN Γ¯N∗,γN
E − EN∗ + i2Γ(tot)N∗
. (11)
The partial decay widths Γ¯N∗,γN and Γ¯N∗,piN and the total widths Γ
(tot)
N∗ can
be calculated from the parameters listed by the Particle Data Group (PDG).
Eqs. (9) and (10) only define the on-shell matrix elements of the nonresonant
photoproduction amplitudes. To evaluate the second and the third FSI terms
in Eq. (3), we need to define their off-shell behavior. For simplicity, we set
bα,γN (q, k;E) = bα,γN (q0, k;E) · F (q)
F (q0)
, (12)
where α = KY and piN , k and q0 are the on-shell photon and meson momenta
fixed by the total energy E, q is the desired off-shell value, and F (q) is a form
factor to be defined later.
We now introduce a procedure to calculate the nonresonant meson-baryon
amplitudes tKY,K ′Y ′ and tKY,piN , which are shown as shaded boxes in Fig. 1.
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Fig. 3. Graphical representation of the potentials in piN → KY . (a) direct nucleon
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E
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Fig. 4. Graphical representation of the potentials in KY → KY . (a) direct nucleon
pole vND , (b) Ξ exchange vΞE , (c) vector meson exchange vρ, and (d) Ξ resonance
exchange vΞ∗
E
.
The procedure for obtaining these transition amplitudes is outlined in Fig. 2.
We again start with the VPI amplitude. By using Eqs. (6)-(8), the on-shell
nonresonant part of piN amplitude tpiN,piN is then defined by
tpiN,piN = [TpiN,piN ]V PI − tRpiN,piN , (13)
where the resonant term tRpiN,piN , defined by Eq. (7), can be calculated using
the resonant parameters listed by PDG. We then use the same off-shell ex-
trapolation defined by Eq. (12) to define the half-off-shell piN t-matrix which
is needed to evaluate the matrix element of the second term of Eq. (5).
With the nonresonant tpiN,piN defined by the above procedure, Eqs. (4)-(5)
can be solved by constructing the potentials vKY,KY and vKY,piN . Here we use
the unitary transformation method of Ref. [9]. The considered potentials are
illustrated in Figs. 3 and 4. To solve the coupled equations (4)-(5), the meson-
baryon potentials must also be regularized by form factors. For simplicity, a
form factor F (q) = ( Λ
2
c
Λ2c+q
2 )
2 is used to regularize all vertices in Figs. 3 and 4,
where q is the momentum of the external meson in the center-of-mass frame.
To minimize the number of free parameters in this calculation, we fix most
of the couplings in Figs. 3 and 4 by using either the known PDG values [20],
or from the predictions of SU(3) flavor symmetry [21] or constituent quark
models [22,23]. The coupling strengths of the terms involving Ξ and Ξ∗ are
not known and therefore are not included in this exploratory investigation.
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This of course should be improved in later studies. To further simplify the
calculation, the form factor F (q), used in defining the off-shell behavior of the
nonresonant photoproduction and tpiN,piN , is assumed to be the same as that
for regularizing the potentials vKY,KY and vKY,piN . Thus, only one cutoff Λc
needs to be determined.
4 Results
We start with the WJC model and hence the considered resonances and all
coupling strengths are fixed, as listed in the third column of Table 1. The only
parameter in our CC model is the cutoff Λc of the form factors which regularize
bpiN,γN , bKY,γN , tpiN,piN , and potentials vKY,KY and vKY,piN , as described in
Section 3. We determine this parameter by fitting the pi−p→ K0Λ data. This
fit is done by first solving Eqs. (4)-(5) to obtain the nonresonant amplitude
tKΛ,piN . The resonant part of this reaction is calculated from using Eq. (7)
and the resonant parameters listed by PDG. We find that the total cross
section data of pi−p→ K0Λ can be fitted by setting Λc = 680 (MeV/c). This
procedure then fixes the nonresonant meson-baryon amplitudes tKY,K ′Y ′ and
tKY,piN that are needed to evaluate the FSI effects on the photoproduction
amplitude using Eq. (3).
In Figure 5, we illustrate the predicted FSI effects on the total cross sections
of γp → K+Λ. Four curves are shown: (1) the direct photoproduction cal-
culated using the WJC model, BKΛ; (2) the direct production plus the KΛ
FSI effects, BKΛ+ tKΛ,KΛG
(+)
KΛ bKΛ; (3) the direct production plus the piN FSI
effects, BKΛ + tKΛ,piN G
(+)
piN bpiN ; (4) the direct results plus both the KΛ and
piN FSI effects, i.e., our full CC results AKΛ. We also compare these results
with the SAPHIR data [24]. Note that the WJC model was developed before
the SAPHIR measurement and hence their original fit (dashed curve) deviates
from these recent data.
In Figure 5, we see significant differences up to 20% of the total cross sections
with the piN FSI (third term of Eq. (3)) turned on and off. Clearly, the CC
effects due to the piN channels make quite a sizable contribution to kaon pho-
toproduction and should be included in any kaon photoproduction calculation.
Further examination reveals that the major CC effects are from the s-wave
E0+ multipole. In contrast, the KΛ FSI effect (second term of Eq. (3)) is quite
small.
Our full results (solid curve in Fig. 5) based on the WJC parameters deviate
from the experimental data. We find that the data can not be reproduced by
only changing the original WJC parameters. Here we emphasize that WJC
published their predictions prior to the SAPHIR measurements. In trying to
9
1600 1700 1800 1900 2000
WCM [MeV]
0
0.5
1
1.5
2
2.5
3
σ
to
t 
[µb
]
original. no FSI
with KY FSI
with piN FSI
with KY and piN FSI
SAPHIR
Fig. 5. Total cross sections for γp → K+Λ calculated using the CC approach with
the original WJC coupling parameters. The curves are for the direct production
BKΛ (dashed line), BKΛ plus KΛ FSI effects (dotted), BKΛ plus piN FSI effects
(dash-dotted), and full CC results AKΛ including KΛ and piN FSI (solid). Results
are compared with the SAPHIR data [24].
1600 1700 1800 1900 2000
WCM [MeV]
0
0.5
1
1.5
2
2.5
3
σ
to
t 
[µb
]
readjusted. no FSI
with KY FSI
with piN FSI
with KY and piN FSI
SAPHIR
Fig. 6. Total cross sections for γp → K+Λ calculated using the CC approach with
our readjusted coupling parameters. Curves and data as in Fig. 5.
fit this new data set, containing both differential and total cross sections, we
fail to reproduce the high energy (W > 1950 MeV) part. This failure is likely
due to our lack of resonances with mass around 1800 to 1900 MeV. It has
been shown [25] that good agreement with SAPHIR data is obtained if one
introduces two spin-3/2 resonances N∗(1720) and Λ∗(1890), provided off-shell
effects are included [26]. However, including those two spin-3/2 resonances,
with off-shell dynamics, requires 3 extra free parameters per resonance. Our
CC study aims to delineate the role of FSI and we wish to keep the number of
free parameters as small as possible. That is why we have not yet introduced
the requisite spin-3/2 resonances, but only spin-1/2 resonances. One of these
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Table 1
Original fit parameters in the WJC model [5] and our readjusted values. The reso-
nance couplings are the products of photon and hadronic couplings.
Particle Coupling WJC value Readjusted value
Λ gKΛN√
4pi
-2.377 -2.377
Σ0 gKΣN√
4pi
0.222 0.404
K∗
GV
K∗√
4pi
-0.162 -0.162
GT
K∗
4pi 0.078 0.078
K1
GV
K1
4pi 0.019 0.019
GT
K1
4pi 0.173 0.173
N∗(1535) GN3√
4pi
0 0.030
N∗(1650) GN4√
4pi
-0.044 -0.025
N∗(1710) GN6√
4pi
-0.064 -0.064
Λ∗(1405) GL1√
4pi
-0.073 -0.073
Λ∗(1810) GL5√
4pi
0 0.125
spin-1/2 resonances that we do include, the Λ∗(1810), is of some help in the
relevant 1800 to 1900 MeV mass range. We also note that a small contribution
from the N∗(1535) also improves the fit.
The extracted coupling constants (Table 1, last column) show that only two
of the original WJC couplings get modified. The curve corresponding to the
parameter changes is depicted in Fig. 6, where we also show the results of the
FSI decomposed as in Fig. 5. Comparison between Figs. 5 and 6 make clear
that the numerical results for the FSI depend on the resonance content of the
reaction mechanism. However, this dependence is very smooth in the case of
the two configurations considered here and does not alter the general trends
nor the importance of the FSI effects.
5 Conclusions
In this work we do not aim for an accurate reproduction of the data of kaon
photoproduction. We rather focus on the coupled-channel effects on this re-
action. The major conclusion from this study is that the piN channels make
significant contributions through the coupled-channel mechanism and must be
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included in a proper calculation for kaon photoproduction reactions.
Our approach, based on an extension of the dynamical model of Ref. [9], will
be the basis for future investigations. In particular, the KΣ channels must be
included in a more complete study of kaon electromagnetic production, which
is currently in progress. It is especially interesting to study the KΣ threshold
effects (e.g., cusps at KΣ threshold) in a CC calculation and their effect on
spin observables. In addition, more channels, such as ηN , pi∆ and ρN , must
be included in a complete coupled-channel calculation.
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